Marine teleost fish sustain compensation of extracellular pH after exposure to hypercapnia by means of efficient ion and acid-base regulation. Elevated rates of ion and acid-base regulation under hypercapnia may be stimulated further by elevated temperature. Here, we characterized the regulation of transepithelial ion transporters (NKCC1, NBC1, SLC26A6, NHE1 and 2) and ATPases (Na + /K + ATPase and V-type H + ATPase) in gills of Atlantic cod (Gadus morhua) after 4 weeks of exposure to ambient and future PCO 2 levels (550 μatm, 1200 μatm, 2200 μatm) at optimum (10°C) and summer maximum temperature (18°C), respectively. Gene expression of most branchial ion transporters revealed temperature-and dose-dependent responses to elevated PCO 2 . Transcriptional regulation resulted in stable protein expression at 10°C, whereas expression of most transport proteins increased at medium PCO 2 and 18°C. mRNA and protein expression of distinct ion transport proteins were closely co-regulated, substantiating cellular functional relationships. Na + /K + ATPase capacities were PCO 2 independent, but increased with acclimation temperature, whereas H + ATPase capacities were thermally compensated but decreased at medium PCO 2 and 10°C. When functional capacities of branchial ATPases were compared with mitochondrial F 1 F o ATP-synthase strong correlations of F 1 F o ATP-synthase and ATPase capacities generally indicate close coordination of branchial aerobic ATP demand and supply. Our data indicate physiological plasticity in the gills of cod to adjust to a warming, acidifying ocean within limits. In light of the interacting and non-linear, dose-dependent effects of both climate factors the role of these mechanisms in shaping resilience under climate change remains to be explored.
The anthropogenic changes of temperature and atmospheric CO 2 concentrations in global climate are inevitably linked. Depending on the emission scenario employed, atmospheric CO 2 is projected to reach 421 μatm to 936 μatm by the year 2100 and about 2000 μatm after 2250 under business as usual emissions (Meinshausen et al., 2011; IPCC, 2013) . By the year 2100 and compared to the 1950s this increase in PCO 2 is projected to be accompanied by an average decrease in oceanic surface water pH by 0.14-0.32 pH units and by another 0.8 to 1.4 pH units by the year 2300 (Caldeira and Wickett, 2005; IPCC, 2013) . Furthermore, models agree on continued global ocean warming, although patterns differ in the magnitudes of both global as well as regional changes (Collins et al., 2013) .
Elevated ambient PCO 2 (hypercapnia) alters the PCO 2 gradient from aquatic animals to their environment and thus, affects CO 2 release (Heuer and Grosell, 2014) . The sensitivity of fish to hypercapnia was proposed to be lower than that of most invertebrates due to the higher capacity of fish to regulate acid-base homeostasis (Melzner et al., 2009b) . When exposed to hypercapnia, marine teleost fish accomplish full and sustained compensation of the initial respiratory acidosis within the first 24-72 h, a process that includes the production, uptake and excretion of acid-base relevant ions, primarily at the gills (Claiborne et al., 2002; Brauner et al., 2004; Evans et al., 2005) . However, acidbase status and ion equilibria reach new steady state values which may lead to other downstream consequences or trade-offs (see Heuer and Grosell, 2014 for review) .
Generally, teleost ion and acid-base regulation is mainly achieved in specialized gill cells (ionocytes) and involves multiple transport proteins and signaling pathways. Additionally, the roles of the transporters involved in both osmotic as well as acid-base regulation are intertwined (Pritchard, 2003; Marshall and Grosell, 2006) . Marine fish constantly counteract the osmotic water loss to their hyperosmotic environment by drinking, i.e. absorbing salt and water across the gastrointestinal tract and actively secreting the surplus salt load at the gills. Cl − enters the branchial cell via the Na + /K + /Cl − co-transporter 1 (NKCC1) driven by the Na + gradient, which is provided by the Na + /K + ATPase, and is secreted at the apical membrane through CFTR type (cystic fibrosis transmembrane conductance regulator) anion channels. Na + follows passively through paracellular tight junction pathways (see e.g. Evans et al., 2005; Hiroi and McCormick, 2012; Hwang et al., 2011; Marshall and Grosell, 2006) . Plasma pH is adjusted by the net accumulation of HCO 3 − in the body fluids and a net secretion of acid equivalents into the environment, as respiratory adjustments are relatively ineffective to compensate for pH disturbances in water breathers (Claiborne et al. (2002) , reviewed by Perry and Gilmour (2006) ). According to the current models proposed for branchial marine fish acid-base transport (see e.g. Esbaugh et al., 2012; Heuer and Grosell, 2014; Hwang et al., 2011) , protons are excreted into the surrounding seawater across the gill epithelium predominantly via apical Na + /H + exchangers (NHE; SLC9; isoform 2 and 3). Furthermore, basolateral NHE (isoform 1) as well as H + ATPase were proposed to contribute to acid-base regulation in marine fish. Bicarbonate transport is achieved in exchange for chloride via anion exchangers (AE; SLC4, isoform 1 and 2) on both sides of the epithelium as well as via a Na + /HCO 3 − co-transporter 1 (NBC1, SLC4, isoform 4) on the basolateral side. Additionally, members of the Cl − /HCO 3 − exchanger (SLC26) protein family may be involved in branchial bicarbonate transport.
In the past, studies of acid-base regulation in marine fish under environmental hypercapnia have focused on the identification of relevant mechanisms. However, relatively high PCO 2 levels have been applied (Larsen et al., 1997; Michaelidis et al., 2007; Perry et al., 2010) . During a time series of 6 weeks under hypercapnia (≥10,000 μatm), shifting acclimation patterns in mRNA and protein expression of branchial ion transporters were found in the common eelpout (Deigweiher et al., 2008) . Furthermore, Na + /K + ATPase densities and capacities increased long-term, indicating elevated rates of ion and acid-base regulation under hypercapnia in gills of common eelpout (Deigweiher et al., 2008) and Atlantic cod, respectively (Melzner et al., 2009a) . The need to compensate for the effects of elevated PCO 2 on passive and active branchial ion transport processes might be enhanced by elevated temperature and involve augmented metabolic costs of ion regulation. As defending extracellular pH may be a key factor in shaping the physiological resilience of marine ectotherms to global climate change (Pörtner, 2008) , it is critical to understand the contribution of ion and acid-base regulation to resilience in response to both, projected PCO 2 and temperature levels (Pörtner, 2008 (Pörtner, , 2012 .
The present work aims to analyze the responses of key ion and acidbase regulatory mechanisms to elevated PCO 2 and temperature in gills of Atlantic cod (G. morhua), a marine fish of high ecological and commercial importance. The species has a pan-Atlantic distribution and, depending on the season and the respective population, experiences habitat temperatures ranging from − 1°C to 19°C (Righton et al., 2010) . In our experiments, Atlantic cod from the Skagerrak/Kattegat (Gullmarsfjord, Sweden) population were exposed to PCO 2 levels covering present and future natural variability at the study site (550 μatm (low), 1200 μatm (medium) and 2200 μatm (high); Dorey et al. (2013) ) at 10°C and 18°C for four weeks, respectively. 10°C constitutes the average habitat temperature and is close to the thermal optimum of growth, whereas 18°C is close to the summer maximum experienced by this population (Pörtner et al., 2001; Righton et al., 2010) . Cellular localization of Na + /K + ATPase and its co-localization with NKCC1 and NBC1
was assessed in order to obtain insight into the functional relationship of these ion transport proteins in marine fish ionocytes. were determined at mRNA, protein and functional level as well as in relation to the ATP-producing mitochondrial F 1 F o ATP-synthase in order to detect possible impacts on the branchial energy budget.
Material and methods

Ethical procedures
All experiments were conducted in compliance with the Swedish animal welfare legislation and approved by the Swedish ethical committee on animal experiments (reference number: Dnr 23-2012).
Animals
Atlantic cod of mixed gender (200.52 ± 95.4 g FW) (G. morhua) were caught in traps during February and March 2012 and kept at the Sven Lovén Centre for Marine Sciences, Kristineberg, Sweden in flowthrough tank systems supplying seawater directly from the Gullmarsfjord at 10°C. For the exposure experiment, 8-10 fish per treatment were slightly anesthetized with MS-222 (b0.2 g l − 1 ) and tagged individually (Visible Implant Elastomer, Northwest Marine Technology Inc., USA) after recording individual length and weight. After one week of recovery, fish were incubated in 2 replicate aquaria systems for four weeks at 10°C and 18°C and nominal PCO 2 levels of 550 μatm (low), 1200 μatm (medium) and 2200 μatm (high), respectively. Fish reared at low PCO 2 were maintained in aerated natural seawater. Water PCO 2 and associated pH values of each aquarium system were maintained by a pH titration system controlling the inflow of CO 2 gas (Aqua Medic, Bissendorf, Germany). Water temperature was kept constant by a computer controlled heating system integrated into the station's pump system. Additionally, online recordings (ProfiLux, GHL, Kaiserslautern, Germany) of salinity, temperature and pH con- ), and length and weight were determined. Blood samples were drawn from the ventral vein, and fish were killed by a cut through their spine as close to the cranium as possible. Gill arches were dissected first, the gill tissue was separated from the arches, shock-frozen in liquid nitrogen and stored at −80°C. 10 fish per treatment (5 per replicate tank) were randomly chosen for the analysis. Consecutively, gill tissue samples used in this study originate from individual fish (n = 10, 5 per replicate tank). For each analysis (mRNA expression, protein expression and enzyme activities), tissue aliquots were taken from the same individual. For the detection of potential differences between replicates, unpaired t-tests were performed. Unfortunately, fish from the two replicate tanks at 18°C and low PCO 2 could not be clearly assigned to their original tank as these were accidentally mixed. For the remaining groups, no differences in any of the tested parameters were detected between replicate tanks. Total mortality during the experiment was 8.2% (9 fish) (see also Kreiss et al., 2015b ).
mRNA expression of ion transporters
Total RNA from gill tissue (see Animals section for respective sampling design) was isolated using RNeasy Mini Kit (Qiagen, Hilden, Germany). Deep-frozen tissue samples were homogenized using the Precellys tissue homogenizer at 5000 rpm (3 × 15 s interrupted by a 10 s pause in between) (Peqlab, Erlangen, Germany). Tissue extracts were further processed according to the manufacturer's instructions. The complete removal of DNA was ensured by DNase digestion (Turbo DNA-free Kit; Life Technologies, Darmstadt, Germany). DNA-free total RNA was transcribed into cDNA (0.1 μg DNA-free total RNA) with the High-Capacity cDNA-RT Kit (Life Technologies, Darmstadt, Germany) to serve as a DNA template for large scale quantitative real-time PCR (qPCR) (TaqMan® OpenArray® Real-time PCR). Concentration and urity of the total RNA and DNA-free total RNA were controlled using NanoDrop (NanoDrop 2000, Peqlab, Erlangen, Germany). Mean total gill tissue RNA content [μg mg fwt ] is given in Table 1 .
Array design
A set of essential ion regulatory transporters was compiled based on literature data. Sequences of those transporters were obtained by searching the published cod genome (Star et al., 2011) by annotations. Sequences not available in the cod genome were obtained by using sequences known from other fish species as query sequences against the EST database of NCBI (www.ncbi.nlm.nih.gov/dbEST/; restricted to tax ID = 8048; G. morhua). The respective blast hits were verified and further processed employing the MacVector software (version 10.0.2, MacVector Inc.). Isoforms were identified using the phylogenetic analysis tool of the MacVector software including known isoform sequences from various phyla. Reference genes were chosen according to Olsvik et al. (2008) . Additionally, 18S-rRNA was included as reference gene. Furthermore, all sequence annotations were double-checked by reverse blast (rpstblastn) against the fiNOGdatabase (Windisch et al., 2012) and against the nucleotide collection (nr) database using the blast2GO software (b2GO: Conesa et al., 2005 ; fiNOG: eggnog Version 3, Powell et al., 2012) . The longest sections without unknowns were validated again (blast2GO) and used for primer and probe design. Sequences used were further re-validated against the cod genome annotation (Flicek et al., 2014 ; ENSEMBL, Wellcome Trust Sanger Institute/European Bioinformatics Institute). Primer/probe design and chip loading (array format 112) was performed by Life Technologies (Darmstadt, Germany). A final list of the genes analyzed and the corresponding primer and probe sequences is given in Table 2 .
TaqMan® OpenArray® Real-time PCR
Large scale TaqMan® based quantitative real-time PCR was performed on an OpenArray® system (Life Technologies, Darmstadt, Germany) according to the manufacturer's protocol. qPCR reactions were premixed in a 96 well plate containing 100 ng/μl cDNA and 12.5 μl Master Mix (TaqMan® OpenArray® Gene Expression Master Mix). After mixing, 5 μl were transferred to the OpenArray® 384-well sample plates. Chip loading (33 nl each) was conducted by the OpenArray® AccuFill™ system. All samples were run in duplicate. No-template controls (NTC) and no-reverse-transcription (-RT) RNA controls were also implemented. Pooled control samples (10°C, low PCO 2 ) were used as internal calibration for every chip.
OpenArray® data processing
OpenArray® system output files were reassembled and genes expressing none or out of range signals in all samples were excluded from further analysis. Each array (one gene and one sample in duplicates) was checked manually to exclude technical errors. Data points not available because of technical failures were replaced with the tissue and treatment specific mean Ct value. From the 112 pre-chosen genes, 7 genes were designated as reference genes and the most stable reference genes under the experimental conditions were determined using the NormFinder package for R (Andersen et al., 2004) , calculating the expression stability measure for each reference gene and determining the most stable combination of two genes (UBI and RPL22). Threshold cycle (Ct) values of the 10 genes analyzed in the course of this study were transformed into relative quantities for each gene G and sample j, (ΔCt = E^(minimum Ct G − Ct Gj ). A sample specific normalization factor (NF) was calculated by geometric averaging of ΔCt values obtained for the two references genes (see above). Relative quantities of each sample were normalized to the sample-specific NF by division, calculating normalized relative quantities (NRQs). NRQs were related to total gill tissue RNA content [μg mg fwt − 1 ; after DNAse treatment]
and are given as NRQs per mg tissue fresh weight (NRQ mg fwt − 1 ).
Data processing was performed using specifically developed R-scripts (R Core Team, 2014).
Protein quantification
Gill tissue samples (see Animals section for respective sampling design) were homogenized using a cooled tissue homogenizer (Precellys, Peqlab, Erlangen, Germany) at 5000 rpm (3 × 15 s interrupted by 10 s pause in between) in 10 volumes of ice-cold buffer per mg tissue weight as described by Deigweiher et al. (2008) . One-half of the supernatant was used for Na + /K + ATPase activity measurements and the other half for immunoblotting. For the validation of the specificity of primary antibodies, crude protein extracts of randomly chosen gill tissue samples were additionally separated by ultra-centrifugation (30 min at 350,000 g and 4°C) into membrane and cytosolic fractions. Total protein contents were determined according to Bradford (1976) , using BSA as standard. Total gill tissue protein content is given in Table 1 . Slot blot immunoblotting was applied using a Hoefer PR 648 slot blot filtration system (Amersham Biosciences, Freiburg, Germany). Immuno-BlotTM PVDF membranes (Bio-Rad Laboratories) were pre-incubated in 100% methanol followed by equilibration in transfer buffer [10 mM NaHCO 3 , 3 mM Na 2 CO 3 , 20% (v/v) methanol, 0.025% (w/v) sodium dodecyl sulfate (SDS), pH 9.5-9.9] for 30 min. To ensure an even distribution of the proteins in the slots, 5 μl crude extract were diluted 1:10 in electrophoresis running buffer [25 mM Tris, 192 mM glycine, 0.1% (w/v) SDS]. A dilution series of pooled control samples was used as an internal calibration standard on each membrane. Before application, protein extracts were randomized to avoid possible effects of the slot positions on the membranes. 50 μl of each sample were loaded by vacuum pressure, and slots were washed repeatedly with transfer buffer to ensure complete loading. The membrane was transferred instantaneously into TBS-Tween buffer [TBS-T; 50 mM Tris/HCl, pH 7.4, 0.9% (w/v) NaCl, 0.1% (v/v) Tween20] containing 5% (w/v) non-fat skimmed milk powder (blocking buffer) and blocked for 1 h at room temperature followed by incubation with the primary antibody (see Table 3 ) at 4°C overnight. Blots were washed with TBS-T and ] content in gill tissue of Atlantic cod (G. morhua) acclimated to 550 μatm, 1200 μatm and 2200 μatm CO 2 and 10°C or 18°C, respectively. Post-hoc tests only tested for significant differences within acclimation temperatures and PCO 2 levels. Different letters denote significant differences between PCO 2 treatments at 10°C (a/b) and 18°C (A/B), whereas a hash key indicates differences between acclimation temperatures at 550 μatm, 1200 μatm and 2200 μatm, respectively. n = 7-10 per treatment. Values are depicted as means ± SEM. ), recalculated from the calibration curves.
Development of cod (G. morhua) specific NBC1 antibody
A polyclonal antibody raised against NBC1 of Atlantic cod (G. morhua) was developed. A partial sequence for cod NBC1 was obtained by searching the G. morhua EST database at NCBI, and respective blast hits were verified and processed further employing the MacVector software (version 10.0.2, MacVector Inc.). The best hit (GO387248) was used as a template for the elongation of the 3′ end of the mRNA using RACE (rapid amplification of cDNA ends) technology (Life Technologies, Darmstadt, Germany) to obtain a potentially better antigenic peptide sequence within the hydrophilic C-terminal part of the protein. Position and sequences of the outer and inner 3′ RACE-primers are given in Table 4 . 3′ RACE-PCR was conducted according to the manufacturer's protocol. RACE, cloning and analysis of PCR fragments were performed as described by Mark et al. (2006) . Positive clones were sequenced commercially (Eurofins Genomics, Ebersberg, Germany) and the obtained contigs were assembled and processed further using MacVector revealing a 1564 bp DNA fragment, coding for the C-terminal part of NBC1. Compared to the ESTs used as a template (524 bp; see above), the obtained DNA fragment is elongated by 1041 bp and the respective open reading frame by 174 bp (stop codon at position 694 bp). The fragment contains a Poly-A signal sequence (5′-AAUAAA-3′) at position 1197 bp. The obtained sequence has been submitted to GenBank (accession number: KT997471). The peptide-specific cod NBC1 antibody was produced by Seqlab (Seqlab Sequence Laboratories, Göttingen, Germany) based on the peptide sequence derived from the cDNA sequence (aa 205 to 217; EKEPFLGDKSFDK).
Primary antibody specificity
For validation of the specificity of the primary antibodies used here, 10 μl of crude protein extract, cytosol and membrane fraction of a randomly chosen cod (G. morhua) gill tissue sample were fractionated by SDS-PAGE on 12% polyacrylamide gels according to Laemmli (1970) . Blotting was performed as described above using a tank blotting system (Bio-Rad, Munich, Germany). For validation of specificity of the cod NBC1 antibody, blots were incubated either with the preimmune serum (1:5000) or the final bleeding serum (1:5000) after preincubation of the antibody with excess antigen (1.60 μg μl − 1 ) for 20 min at room temperature and compared to serum obtained from the final bleeding (Fig. 1) . The molecular weight of a specific protein band of about~130 kDa in the crude extract, which could be enriched in the membrane fraction compared to the cytosolic fraction, is in line with published values for full-length marine NBC1 (e.g. 119.8 kDa; Z. viviparus; EU552532), indicating the successful synthesis of a cod specific NBC1 antibody. Further details on all primary antibodies are given in Table 3 and in Fig. 1 .
ATPase activity measurements
Activity of Na + /K + ATPase was measured in crude gill tissue extracts (see Animals section for respective sampling design) in a coupled enzyme assay with pyruvate kinase (PK) and lactate dehydrogenase (LDH) modified after the method of Allen and Schwartz (1969) by adopting a microplate reader (Biotec Power Wave HT, BioTek Instruments GmbH, Bad Friedrichshall, Germany). Enzyme activity was determined at 10 and 18°C assay temperature in each treatment group. Plates were pre-equilibrated to 10°C and 18°C in a temperature block (modified after Weiss et al. (2012) ). After a pre-run time of 2 min, measurements were started in a row by adding the extracts, which were measured in quadruplicates. The decrease of extinction at 339 nm was read-out within 2 s at 10 succeeding time points over a period of 10 min. The specific ATPase activities were determined as the difference of total ATPase (TA) activity and inhibitor-insensitive activities (NA) using 5 mM ouabain for the Na ) at the respective acclimation temperature.
Protein localization
Gill arches of cod from the control group were fixed by direct immersion in Bouin's solution and immunohistochemistry on paraffin sections was performed as described by Hu et al. (2014) . Primary antibodies were diluted 1:50 in PBS, placed in small droplets on the gill sections and were incubated overnight at 4°C in a wet chamber. The procedure was repeated with the respective second primary antibodies. After washing with PBS, the respective secondary antibodies (anti-rabbit AlexaFlour 594/anti-mouse AlexaFlour 488, Invitrogen, Oregon, USA) were diluted 1:300 and incubated for 1 h at RT. After washing, sections were examined under Leica SP2/Leica SP5 confocal laser-scanning microscopes (Leica Microsystems, Wetzlar, Germany). Controls were performed without application of the first antibody using the same procedure. For NKCC1/NKA co-staining, the primary antibody for NKA α subunit was a H-300 rabbit polyclonal antibody, which was already successfully used for immunolocalization in fish Riou et al., 2012) . For details on primary antibodies see Table 3 and Fig. 1. 
Data analysis and statistics
All values are expressed as means with standard error of the mean (SEM). Outliers were identified using the ROUT (robust regression followed by outlier identification) method (Q set to ≤ 10%) and removed. Remaining samples were tested for normal distribution (D'Agostino-Pearson omnibus normality test) and homogeneity of variances (Brown-Forsythe test). If appropriate, ordinary analyses of variance were applied (two-way ANOVAs) followed by Sidaks multiple comparison-test as post-hoc test. If normal distribution and/or homogeneity of variances were not given, data were transformed using a log (Y) transformation. If assumptions for parametric tests were still violated, one-way ANOVAs/Kruskal-Wallis non-parametric ANOVAs followed by Sidaks/Dunns multiple comparison test and multiple t-tests corrected for multiple comparisons (Sidak-Bonferroni method) were applied to test for differences between acclimation temperatures. Statistical significance was tested at the p ≤ 0.05, p ≤ 0.01 and p ≤ 0.001 levels. Given p-values are corrected for multiple comparisons (adjusted p). In all cases, post-hoc tests only tested for significant differences between acclimation temperatures (10°C or 18°C) or PCO 2 levels. Different letters denote significant differences between PCO 2 treatments at 10°C (a/b) and 18°C (A/B), whereas a hash key indicates differences between acclimation temperatures at the respective PCO 2 level. All statistical analyses were performed using Graph Pad Prism Software version 6.0 (GraphPad Prism version 6.0 for Mac OS.X, GraphPad Software, La Jolla, California, USA). Spearman correlation analysis was performed using the CCA package in R and corresponding correlation matrices were used as input for correlation networks built by the qgraph package in R (Epskamp et al., 2012) . For comparability of graphs, highest edge weight was set to 1. Only significant (p ≤ 0.05) correlations were reported. For corresponding Spearman correlation coefficients, see supplementary material.
Results
Cellular localization of branchial ion transport proteins
Only antibodies against NKCC1, Na
and the newly generated antibody against NBC1 were applicable in immunohistological analyses of gill sections from Atlantic cod reared under control conditions. The co-staining of NKCC1 and NKA ( Fig. 2A) revealed a co-localization of both proteins in the interlamellar space as well as on the basal part of the secondary lamellae. NBC1 protein largely co-localized with NKA on the basal part of the secondary lamellae (Fig. 2B ) as well as in the interlamellar space in the gill sections.
Transcriptional regulation of branchial ion transporters
A PCO 2 -dose-dependent decrease of total gill tissue RNA content [μg mg fwt
− 1 ] occurred in fish acclimated at optimum temperature, whereas a generally lower RNA content was found in the warmacclimated groups at low and medium PCO 2 (Table 1 ). In addition, gene expression of individual branchial ion transporters revealed temperature-dependent responses to elevated PCO 2 (Fig. 3) . Except for NBC1 and NHE2, mRNA levels of all ion transporters studied were generally lower in fish acclimated at 18°C and control and medium PCO 2 than in fish at 10°C. In opposite, no decrease or even higher mRNA expression was generally found at 18°C and high PCO 2 . At 10°C acclimation temperature, mRNA expression of some ion transporters was significantly higher at medium PCO 2 than at low and high PCO 2 : NHE1B mRNA expression increased nearly 10-fold at medium PCO 2 above mRNA levels found at low and high PCO 2 (Fig. 3D) . Similarly, transcript levels of all three Na + /K + ATPase α subunits (ATNA1, A2 and A3) increased at medium PCO 2 (Fig. 3H-J) . In contrast, mRNA expression of the anion transporter SLC26A6 decreased nearly 2-fold under this treatment (Fig. 3B) . A trend to lower mRNA expression at medium PCO 2 became obvious for NBC1 (Fig. 3A) . NHE1A mRNA expression displayed a divergent response pattern, as transcript levels decreased nearly 4-fold in fish acclimated at high PCO 2 compared to low and medium PCO 2 (Fig. 3C) . The transcriptional response differed considerably in gills of warm acclimated fish. At high PCO 2 , mRNA expression of H + ATPase subunit V1A (VHA-V1A; Fig. 3G ) as well as of NKCC1 (Fig. 3F ) increased nearly 2-fold compared to low and medium PCO 2 . NHE1A transcript levels decreased~8-fold at medium PCO 2 compared to low and high PCO 2 (Fig. 3C ). Again, a trend to lower mRNA expression at medium PCO 2 became obvious for the NBC1 (Fig. 3A) . The largest responses were observed for NHE1B and ATNA2 ( Fig. 3D and I ). Their transcript levels correlated positively with elevated PCO 2 , increasing about 10-fold (NHE1B; Fig. 3D ) and~55-fold (ATNA2; Fig. 3I ) from low to high PCO 2. . It is important to note that NHE1B abundance was about 400-fold lower than NHE1A in cod gills. The difference was even larger for the Na + /K + ATPase subunit A2, where the mean expression of ATNA2 was by a factor of 1000 lower than that of isoform ATNA1, which showed the highest cellular isoform abundance. Correlation analysis on the mRNA expression profiles of individual ion transporters at both acclimation temperatures were used to detect co-regulations of specific transporters forced by elevated PCO 2 as driver. Thus, effects of PCO 2 hidden under the reasonable individual variation when analyzing gene expression separately may become visible. The correlation networks revealed a temperature-dependent regulatory relationship between the investigated transporters driven by PCO 2 (Fig. 4) . At optimum temperature (Fig. 4A) (Fig. 4B) , SLC26A6 became separated, as these correlations were not evident anymore. Instead, NBC1 together with NHE1A joined the cluster of ATNA1, ATNA3, NKCC1, NHE2 and VHA-V1A, which was already observed at 10°C acclimation temperature. The low abundance transcripts ATNA2 and NHE1B (see above) were separated due to their pronounced responses in expression, while becoming correlated more tightly at the same time. In contrast, the expression profile of SLC26A6 only displayed weak and again, negative correlations.
Protein expression of branchial ion transporters
Similar gill tissue protein contents in all treatments indicate no general shift in protein expression (Table 1) . At 10°C acclimation temperature, specific protein expression of all ion transporters quantified by specific antibodies remained unchanged at all PCO 2 levels (Fig. 5) . In contrast, warming to 18°C caused NHE1, NHE2, VHA as well as NKCC1 protein expression to increase about 1.5-fold at medium PCO 2 compared to fish acclimated either at low or high PCO 2 or compared to both (Fig. 5C -E and G), leading to higher specific protein levels than in fish acclimated at 10°C under this treatment. Protein expression of the two bicarbonate transporters (NBC1 and SLC26A6) revealed the same pattern, but changes remained statistically non-significant (Figs. 5A and 4B ). The amount of NKA protein did not change between treatments (Fig. 5F ). Although specific protein expression on average remained stable at 10°C acclimation temperature, correlation analysis revealed a co-regulation of NKCC1, NHE1, NBC1 and NHE2 (Fig. 6A ) protein expression levels, whereas VHA protein expression was only correlated with that of NKA and NHE1. In warm acclimated fish, protein expression levels of all transporters (NKCC1, NBC1, NHE2, NHE1 and VHA) except for NKA and SLC26A6 were highly correlated in response to elevated PCO 2 (Fig. 6B) . Correlation between the overall responses of VHA and NKA expression was weak in warm acclimated fish.
Functional capacities of branchial ion transporting ATPases and F 1 F o ATP-synthase
Enzyme activities are presented at the respective acclimation temperature to illustrate in vivo conditions (Fig. 7) . Na + /K + ATPase activities were PCO 2 independent. However, at 18°C acclimation and assay temperatures they were nearly 2-fold higher than at 10°C, revealing an uncompensated rise of Na + /K + ATPase capacities with habitat temperature (Fig. 7A) . Na + /K + ATPase Q10 values determined between 10°C and 18°C assay temperature ranged around 2 and were similar across treatments (see Table 5 ). Enzymatic capacity of H + ATPase was depressed by medium PCO 2 in fish acclimated at 10°C, but remained unaffected by PCO 2 at 18°C (Fig. 7B) . No temperature effect was observed, indicating thermally compensated H + ATPase activities in the warmth. However, H + ATPase Q10 values in warm acclimated fish were significantly lower at medium than at high PCO 2 as well as compared to fish acclimated at 10°C, indicating a reduced, but PCO 2 -dependent temperature sensitivity of H + ATPase in warm acclimated fish (see Table 5 ). F 1 F o ATP-synthase capacities were independent of PCO 2 and remained uncompensated at warm temperatures (Fig. 7C) , mirrored in significant increments (~2-fold) at 18°C acclimation temperature at medium and high PCO 2 . Similar to Na + /K + ATPase, Q10
values of F 1 F o ATP-synthase (~2; see 7F) were less pronounced (p ≤ 0.01). 
Discussion
With a few notable exceptions, most studies of ion and acid base regulation in marine fish were conducted using very high PCO 2 levels and only monitored the initial compensatory phase. Here, the combined effects of elevated temperature and moderately elevated PCO 2 on gene and protein expression as well as on functional capacities of important ion transporters were determined in gills of a marine fish after longterm acclimation over 4 weeks.
Transcriptional regulation of branchial ion transporters
Transcriptional regulation of branchial ion transporters revealed a temperature-dependent response to elevated PCO 2 (Fig. 3) . Generally, total RNA content and transcript levels of ion transporters were lower in gills of warm acclimated fish than at 10°C at control and medium PCO 2 (Fig. 3 and Table 1 ). This can be attributed to warm compensated transcription and, as total RNA content mainly represents ribosomal RNA, translational capacities, resulting in unchanged total protein content between acclimation temperatures (Table 1) . However, no difference or even higher transcript levels were observed at high PCO 2 (Fig. 3) due to the PCO 2 -dependent decrease of total RNA content in fish acclimated at optimum temperature, which was not found in warm acclimated fish (Table 1 ). These findings indicate that the branchial RNA synthesis machinery as well as translational capacities might be negatively affected by elevated PCO 2 at optimum temperature, whereas this effect was compensated for in the warmth, possibly by the stimulation of translation. Accordingly, the oxygen demand allocated to RNA and protein synthesis was found to be lower in gills of Atlantic cod in response to long-term acclimation at 2500 μatm and 10°C, compared to fish acclimated at 18°C (Kreiss et al., 2015a) . As total protein content remained unchanged (Table 1) , the PCO 2 induced reduction in translational capacities in gills of cod acclimated at 10°C may be possibly compensated for by increased ribosomal efficiency or reduced protein degradation.
The pronounced increase in mRNA expression of all three Na + /K + ATPase α subunits (ATNA1, A2 and A3, Fig. 3H -J) at medium PCO 2 and 10°C indicates a tightly co-regulated response at transcriptional level to PCO 2 at optimum temperature. However, the magnitude of the response differed between subunits. Compared to ATNA1 and A3, which increased by a factor of 1.5-2, ATNA2 mRNA expression increased about 10-fold above control levels at medium PCO 2 and optimum ; fractional values relative to those found at 10°C in the low PCO 2 treatment) in gills of Atlantic cod (G. morhua) acclimated to 550 μatm, 1200 μatm and 2200 μatm CO 2 and 10°C (black bars) or 18°C (gray bars), respectively. mRNA expression levels were normalized to the expression of the reference genes UBI and RPL22. Post-hoc tests only tested for significant differences within acclimation temperatures and PCO 2 levels. Different letters denote significant differences between PCO 2 treatments at 10°C (a/b) and 18°C (A/B), whereas a hash key indicates differences between acclimation temperatures at 550 μatm, 1200 μatm and 2200 μatm, respectively. n = 7-10 per treatment. Values are depicted as means ± SEM.
temperature. In warm acclimated fish the response of ATNA2 mRNA to PCO 2 differed even more, as ATNA2 increased dose-dependently by a factor of 55 between control and high PCO 2 , whereas the expression of ATNA1 and A3 remained unaffected by PCO 2 . These findings may be related to the generally 1000-fold lower transcript abundance of this isoform in cod gills, indicating that ATNA2 is an inducible isoform, which is only expressed under certain conditions.
The differential responses of mRNA expression of all Na + /K + ATPase α subunits were further emphasized by the structure of the correlation networks (Fig. 4) . In contrast to ATNA2, ATNA1 and A3 mRNA Fig. 4 . Correlation networks of ion transporter mRNA expression. Correlation networks of ion transporter mRNA expression in gills of Atlantic cod (G. morhua) acclimated to 550 μatm, 1200 μatm and 2200 μatm CO 2 and 10°C (A) or 18°C (B), respectively. Spearman correlation analysis was performed and the corresponding matrices were used as input for correlation networks. Edge width was scaled according to respective significance levels (0.05, 0.01 and 0.001). Color saturation was cut at p ≥ 0.05. For corresponding Spearman correlation coefficients, see supplementary material. ; fractional values relative to those found at 10°C in the low PCO 2 treatment] in gills of Atlantic cod (G. morhua) acclimated to 550 μatm, 1200 μatm and 2200 μatm CO 2 and 10°C (black bars) or 18°C (gray bars), respectively. Protein concentrations were recalculated from calibration curves. Post-hoc tests only tested for significant differences within acclimation temperatures and PCO 2 levels. Different letters denote significant differences between PCO 2 treatments at 10°C (a/b) and 18°C (A/B), whereas a hash key indicates differences between acclimation temperatures at 550 μatm, 1200 μatm and 2200 μatm, respectively. n = 7-10 per treatment. Values are depicted as means ± SEM. expression were correlated with NKCC1, NHE2 and VHA mRNA expression at both acclimation temperatures, constituting a functional cluster with these ion transport proteins. ATNA2 mRNA expression reflected a different regulation pattern, which was even more pronounced at 18°C (Fig. 4B) . The correlated response of Na + /K + ATPase subunits ATNA1 and A3 with NKCC1 mRNA expression to PCO 2 at both acclimation temperatures emphasizes the functional relationship of these transporters, both highly involved in branchial NaCl export in marine ATPase capacities determined at the respective acclimation temperature in gills of Atlantic cod (G. morhua) acclimated to 550 μatm (white symbols), 1200 μatm (gray symbols) and 2200 μatm (black symbols) CO 2 and 10°C (black bars; circles) or 18°C (gray bars; triangles), respectively. Post-hoc tests only tested for significant differences within acclimation temperatures and PCO 2 levels. Different letters denote significant differences between PCO 2 treatments at 10°C (a/b) and 18°C (A/B), whereas a hash key indicates differences between acclimation temperatures at 550 μatm, 1200 μatm and 2200 μatm, respectively. For (D-F), significance was tested within acclimation temperatures, indicated by the respective R 2 and p-values in the graph. n = 7-10 per treatment. Values are depicted as means ± SEM.
fish (Evans et al., 2005; Marshall and Grosell, 2006; Hwang et al., 2011; Hiroi and McCormick, 2012) . NKCC1 was found in basolateral membranes of ionocytes alongside with Na + /K + ATPase (Pelis et al., 2001; Hiroi and McCormick, 2007; Tipsmark et al., 2008; Kang et al., 2011) , which could also be confirmed for cod ( Fig. 2A) . To date, changes in NKCC1 mRNA expression were only found during salinity shifts and Parr-Smolt transformation Tipsmark et al., 2002; Watson et al., 2014) but nothing is known about the role of branchial NKCC1 in response to hypercapnic conditions. Here, NKCC1 mRNA expression remained unchanged regardless of PCO 2 at optimum temperature, whereas at 18°C, an increase of NKCC1 transcript levels was observed at high PCO 2 . Therefore, transcriptional regulation of this transporter might be synchronized to the regulation of Na + /K + ATPase capacities via α subunit transcripts as already observed for salmonids (Tipsmark et al., 2002) , supporting NaCl homeostasis. Furthermore, the correlation of Na + /K + ATPase and NKCC1 transcript levels with NHE2 mRNA expression driven by PCO 2 at both acclimation temperatures (Fig. 4) indicates a close co-regulation of NaCl homeostasis and Na + mediated proton export capacities via NHE2 at the apical side ( Fig. 3E) , thereby contributing to the reduction of the acid load. The contribution of branchial proton excretion mechanisms like H + ATPase as well as the NHE isoform 1 to fish acid-base regulation is not yet clear for marine fish. A trend to lower H + ATPase mRNA expression was observed in gills of Japanese medaka (Oryzias latipes) in response to short term exposure to PCO 2 ≥ 7000 μatm (Tseng et al., 2013) . Similarly, NHE1 mRNA expression was found downregulated in several marine fish under acute exposure to severely hypercapnic conditions (Deigweiher et al., 2008; Rimoldi et al., 2009 ). Both transport proteins were assumed to be located basolateral in marine fish gill cells (Claiborne et al., 1999; Catches et al., 2006) . Therefore, downregulated capacities would indicate decreased rates of proton excretion into the plasma, thereby possibly increasing the efficiency of systemic net acid excretion. However, after long-term acclimation, transcript levels of H + ATPase subunit V1A remained almost stable and even increased at high PCO 2 in warm acclimated cod (Fig. 3G) . Thus, differences exist between the short-term and long-term response of the transcriptional regulation of H + ATPase to elevated PCO 2 . Two NHE isoforms (NHE1A and 1B), which both belong to the NHE1 family and can be clearly separated from NHE2 according to sequence homology, were expressed in the gills of cod. The isoforms responded differentially to elevated PCO 2 and temperature. At 10°C, NHE1A mRNA expression decreased 4-fold at high PCO 2 compared to control, whereas at 18°C, transcript levels were nearly 10-fold lower at medium PCO 2 (Fig. 3C) , indicating decreased basolateral H + export capacities by this isoform under these treatments. NHE1B mRNA expression responded differently, increasing nearly 10-fold at medium PCO 2 and 10°C, whereas transcript levels increased in a dose-dependent fashion at 18°C (Fig. 3D ). These differences between the regulation patterns of both isoforms may be attributed to their highly different expression levels, which was about 400-fold lower for NHE1B compared to NHE1A transcripts. According to this, about 10-fold higher mRNA expression levels of isoform NHE1A compared to NHE1B was found in eelpout gills (Deigweiher et al., 2008) , indicating an inducible, supportive role of NHE1B to marine fish branchial acid-base regulation and a rather constitutive role for the later. The differential response of these two isoforms was also mirrored in correlation analysis (Fig. 4) . Compared to NHE1A, the response of NHE1B was closely correlated with that of Na + /K + ATPase subunit A2, both present at comparatively low levels under control conditions, but highly responsive to hypercapnia and temperature. Thus, both isoforms seem to be necessary only under certain conditions and/or in specific cell types. Teleost fish pH compensation does not only involve net acid secretion. Under hypercapnic conditions, a direct or indirect net accumulation of bicarbonate, accompanied by an equimolar loss of anions was observed and proposed to be even more important (Toews et al., 1983; Larsen et al., 1997; Deigweiher et al., 2008; Esbaugh et al., 2012) . The two members of bicarbonate transporter families investigated here (SLC26A6 and NBC1) both were suggested to transport HCO 3 − across the gill epithelium, either on the apical side in exchange for Cl − (transporter family SLC26; Boyle et al., 2015; Perry et al., 2009; Piermarini et al., 2002) or basolaterally into the plasma (transporter family SLC4, NBC1; Deigweiher et al., 2008; Esbaugh et al., 2012; Hirata et al., 2003) . SLC26A6 mRNA expression remained unchanged in toadfish gills (Opsanus beta) during acute exposure to 1900 μatm (Esbaugh et al., 2012) . Here, mRNA expression of SLC26A6 decreased in response to medium PCO 2 at 10°C (Fig. 3B) , whereas it remained unchanged in warm acclimated fish. A trend to decreased transcript levels was also observed for NBC1 mRNA expression at medium PCO 2 , regardless of acclimation temperature (Fig. 3A) . However, some kind of response of NBC1 mRNA expression to PCO 2 is supported by the strong correlations to mRNA expression of the other transporters at warm temperatures (Fig. 4B) . So far, NBC1 mRNA expression was found upregulated in gills of both, freshwater fish after exposure to acute (Perry et al., 2003) and in seawater fish after exposure to longterm (Deigweiher et al., 2008) severely hypercapnic conditions (≥10,000 μatm). Furthermore, an isoform-specific up-or downregulation of NBC1 mRNA expression was observed in gills of Japanese medaka (O. latipes) in response to short term exposure to PCO 2 ≥ 7000 μatm (Tseng et al., 2013) . In contrast, during acute exposure to 1900 μatm it remained unchanged (Esbaugh et al., 2012) . Therefore, a dosedependent as well as isoform-specific regulation pattern has to be anticipated for NBC1. The expression profiles of both bicarbonate transporters were tightly correlated only at 10°C acclimation temperature (Fig. 4A) . Together, both bicarbonate transporters may constitute a downregulation of apical HCO 3 − export via SLC26A6 at medium PCO 2 and 10°C, simultaneously decreasing basolateral HCO 3 − import into the cell if NBC1 is functioning in the influx mode (Perry et al., 2003; Evans et al., 2005) . Besides, both transporters may also be located in different cell types. In the Atlantic stingray (Dasyatis sabina), another member of the SLC26 family (pendrin, SLC26A4) was clearly located in H + ATPase rich cells and not in Na + /K + ATPase rich cells (Piermarini et al., 2002) . In cod, NBC1 is co-localized with Na + /K + ATPase (Fig. 2B) , implying that SLC26A6 and NBC1 might be located in different gill cell types. Shifting correlations of SLC26A6 and NBC1 between both temperatures (Fig. 4) may support this view. Further studies are needed to clearly define the cellular co-localization of both transporters in marine teleost fish.
Effects on protein expression of branchial ion transporters
The differential regulation observed on transcriptional level indicates a necessity for coordinated adjustments of cod branchial ion transport components in response to elevated PCO 2 and temperature. This translates to protein level, as the response of NKCC1, NBC1, NHE1 and NHE2 protein was tightly co-regulated at 10°C and 18°C (Fig. 6) , despite the differences in protein expression between acclimation temperatures (Fig. 5) . Again, this emphasizes the importance of regulating systemic acid-base status as well as NaCl homeostasis at the same time, supported by stable Na + /K + ATPase protein quantities, which (Fig. 5F ). Furthermore, no temperature effect on Na + /K + ATPase protein expression was observed, indicating uncompensated protein quantities in response to warm acclimation. As the Na + /K + ATPase antibody used here might not have the same affinity to all α subunits, specific shifts of α subunit expression could have taken place as reported upon salinity transfers (Lee et al., 1998; Richards et al., 2003; Madsen et al., 2008; Tipsmark et al., 2011) , although the summed protein signal remained unchanged. However, the positive correlations between mRNA expression profiles of Na + /K + ATPase α subunits at both acclimation temperatures exclude simple isoform switching in response to elevated PCO 2 and therefore, may rather indicate mutually supportive regulation pathways of stable protein expression. Some functional relationships observed at the transcriptional level were translated to protein level and especially pronounced in warm acclimated fish as observed for protein as well as mRNA expression of NKCC1, NBC1, NHE2 and VHA (Figs. 4 and 6) . Furthermore, protein expression of VHA and NHE1 increased at medium PCO 2 in warm acclimated fish (Fig. 5C and E) , tightly correlated on transcriptional (NHE1A; Fig. 4B ) as well as on protein level (Fig. 6B) . These findings indicate a tightened co-regulation on both functional levels and thus, a functional relationship of these ion transport components under exposure to elevated PCO 2 and temperature. Similarly, NKCC1 and NHE2 protein expression levels were changing in a correlated fashion in response to changing acclimation temperatures and PCO 2 as already observed at transcriptional level, once again emphasizing an importance to coordinate apical Na + /H + exchange with the regulation of NaCl homeostasis.
Our data provide evidence of a temperature-dependent increase of mRNA and protein expression of several ion transport proteins at medium PCO 2 . As the fish were exposed to experimental conditions for four weeks, an acute upregulation of transporter specific mRNA and protein expression is unlikely, as compensation for acid-base disturbances during initial compensation is achieved within the first 24 h of exposure (Toews et al., 1983; Larsen et al., 1997; Esbaugh et al., 2012) . However, the stronger responses of ion transport capacities observed at 1200 μatm compared to higher PCO 2 levels suggest a PCO 2 -dependent compensatory response. Accordingly, the correlated increase of NHE2, NKCC1, VHA and NHE1 protein expression at 18°C and medium PCO 2 ( Fig. 5 and 6B ) may imply higher requirements on branchial ion and acid-base regulation under this treatment. However, increased in vivo O 2 demand for branchial ion regulation through Na + /H + -exchange and HCO 3 − transport at 18°C and high PCO 2 rather suggests a posttranslational exploitation of existing transport capacities compared to medium PCO 2 (Kreiss et al., 2015b) . Such a functional shift would match the observed tight co-regulation of ion transport components, especially at protein level in gills of warm acclimated fish (Fig. 6B ).
Regulation of branchial ATPase capacities
Functional capacities of Na + /K + ATPase remained unaffected by PCO 2 up to 2200 μatm (Fig. 7A) . In previous studies (Esbaugh et al., 2012; Kreiss et al., 2015a) branchial Na + /K + ATPase capacities were either found reduced or also unchanged under PCO 2 values ≤3000 μatm, whereas at PCO 2 ≥ 3000 μatm, increased functional capacities were observed (Deigweiher et al., 2008; Melzner et al., 2009a; Hayashi et al., 2013) . Reduced Na + /K + ATPase related oxygen consumption was found in isolated gill arches of cod acclimated at optimum temperature and moderately elevated PCO 2 . In contrast, maximum capacities were maintained in vitro (Kreiss et al., 2015a) , indicating variable exploitation of excess branchial Na (Fig. 7A) could be attributed to non-compensated protein quantities (Fig. 5F ). Similarly, net O 2 demand of Na + /K + ATPase was increased in isolated gill arches of Atlantic cod in vivo upon warm acclimation (Kreiss et al., 2015b) , indicating elevated energy demand in support of ion homeostasis at temperatures close to summer maxima.
In contrast, functional capacities of branchial H + ATPase were thermally compensated (i.e. down-regulated, when measured at a common assay temperature) in cod acclimated at 18°C (Fig. 7B) . Furthermore, hypercapnia reduced the capacity of the H + pump at optimum temperature and medium PCO 2 . As VHA protein levels remained unchanged, the lower functional capacities observed in vitro has to originate from post-translational modifications. In warm acclimated fish, H + ATPase capacities remained PCO 2 -independent but the lower Q10 value observed at medium PCO 2 (Table 5) Fig. 7D and E) . Therefore, branchial aerobic ATP supply was closely coordinated with ATP demanding components of ion and acid-base regulation under all treatments. However, variability increased in gills of warm acclimated fish. Furthermore, Na + / K + ATPase protein expression was correlated to VHA protein levels at 10°C acclimation temperature only (Fig. 6A) , indicating closely coupled protein quantities and thus, functional coordination of branchial ATPases at optimum temperature. This was not evident in warm acclimated fish (Fig. 6B) , possibly indicating the onset of thermally induced imbalances in the coordinated regulation and function of branchial ATPases.
Conclusions
In the present study, regulation patterns of important components of cod ion and pH homeostasis were compared at different functional levels to decipher essential mechanisms and combined effects of temperature and PCO 2 . The differential regulation on transcriptional level supported stable protein levels at 10°C, whereas protein expression of most transporters increased at medium PCO 2 in warm acclimated fish. Tightly co-regulated mRNA and protein expression of distinct ion transport proteins substantiate their functional relationships and indicate the importance of coordinated regulation of transport components involved in systemic acid-base as well as ion regulation in response to elevated PCO 2 . Warming increased the connections between most transporters, which may indicate a higher selective pressure for coordinated interaction between the different processes in response to elevated PCO 2 . However, weakened correlation of NKA to the other ion transporters would indicate some loss of coordination between the main ion-motive component and secondary ion transport processes in the gills.
In line with the localization of branchial ATPases in mitochondria rich gill cells, functional capacities of F 1 F o ATP-synthase co-varied and were thus generally correlated with Na + /K + ATPase and H + ATPase capacities. These regulatory patterns indicate physiological plasticity in the gills of cod to adjust to a warming, acidifying ocean, but interacting and non-linear, dose-dependent effects of both climate factors have to be considered. Increasing variability in the correlation of branchial ATP demand and supply, a tightened co-regulation of ion transport components as well as uncompensated Na + /K + ATPase capacities became obvious in gills of warm acclimated fish, suggesting that elevated temperature might become a limiting factor for ion and acid-base regulation when rising above summer maxima (18°C). How these patterns support the ability of cod to adapt to a future ocean remains to be explored. 
